Owing to the significant advances made in the field of power semiconductor devices, such as SiC and GaN, the switching frequency of power converters has been increased. Thus, the volume of passive components such as filter inductors and transformers can be reduced. However, the reduction in the heat-dissipation surface area of inductors results in a considerable increase in temperature, which is a constraint for increasing the power density of power converters. To prevent these problems, the iron-loss evaluation of inductors is one of the most important issues in realizing high-power-density converters. This paper presents an accurate iron-loss calculation method for inductors considering the non-uniformity of the flux-density distribution in the magnetic core. First, it is verified that the non-uniformity of the flux-density distribution in the core results in the deviation of the iron-loss measurement even when the same magnetic material is used in the core and when the inductor is excited under the same excitation condition. Next, the procedure to obtain the iron-loss data, which describes the relationship between the iron loss and excitation condition more precisely, is introduced. Finally, a method to accurately calculate the iron loss in an inductor using electromagnetic simulation and more precise iron-loss data is introduced. method is verified using a toroidal core and a UU core under sine voltage condition and rectangular voltage condition.
Introduction
Recently, there have been several advances in the field of power semiconductor devices, such as SiC and GaN, and the switching frequency of power converters has been increased. As a result, the volume of the magnetic components, such as filter inductors and transformers, can be reduced. However, a reduction of the heat-dissipation surface area of magnetic components results in an increase in the temperature, and this causes an increase in the power density of the power converters. To overcome this problem, the accurate evaluation of the iron loss in inductors is one of the most important issues to be addressed when realizing high-power-density converters (1) - (4) . There have been many studies on iron-loss calculations for transformers and motors (5) - (8) , and accurate iron-loss calculations have been performed. However, there are nonnegligible calculation errors in the iron-loss calculation for the inductors used in the power converters. This is because the conventional loss-calculation methods neglect the influence of dc pre-magnetization on the iron loss. To overcome this issue, the authors have previously proposed a lossmap method (9) - (13) , which is an iron-loss calculation method a) Correspondence to: Toshihisa Shimizu. E-mail: shimizut@tmu. ac.jp * Tokyo Metropolitan University 1-1, Minami-Osawa, Hachioji, Tokyo 192-0397, Japan * * Mitsubishi Materials Corporation 1-600, Kitabukuro-cho, Omiya-ku, Saitama-shi, Saitama 330-8508, Japan for inductors using a loss map. The loss map describes the measured iron-loss characteristic curve for excitation conditions such as dc pre-magnetization. One of the parameters in the loss map is dc pre-magnetization, and thus the iron loss can be calculated considering the influence of the dc pre-magnetization. With the loss-map method, the iron loss in inductors that are used in a buck converter or in a pulsewidth modulation (PWM) inverter can be calculated accurately (9) - (13) . However, the loss-map method neglects the influence on the iron loss of the non-uniformity of the flux-density distribution in the core. It is generally known that the value of the flux density in the core is different for each section in the core. Nevertheless, to simplify the calculation, the following two assumptions are used in the loss-map method. A) When measuring the iron loss in an inductor under measurement to derive the loss map, the flux-density distribution in the core is assumed to be uniform. B) When calculating the iron loss in an inductor, under measurement, the flux-density distribution in the core used in the inductor is assumed to be uniform. Assumption A) leads to a deviation in the iron-loss values on the loss map resulting from ignoring the non-uniformity of the flux-density distribution in the core. This means that the conventional loss map does not describe precisely the correspondence between the iron loss and excitation condition. In addition, assumption B) leads to a calculation error when determining the iron loss in an inductor where the flux-density distribution is complex, such as a gapped inductor.
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To overcome these problems, this paper first presents the procedure to derive a loss map that describes more precisely the relationship between iron losses and the excitation condition (hereafter, such a loss map is referred to as a more precise loss map). In addition, this paper also proposes a method to calculate the iron loss in inductors considering the non-uniformity of the flux-density distribution in the core. This method is performed by using the more precise loss map and electromagnetic simulation in the core. This paper is organized as follows. The loss-map method and the iron-loss measurement system are briefly introduced in Section 2. In Section 3, the experiment and electromagnetic simulations results are presented to verify that the flux-density distribution in the core affects the iron-loss measurement. In Section 4, the adjusting coefficient, which makes the conversion from the conventional loss map to the more precise loss map, is proposed. Section 5 introduces an approach to calculate the iron loss in inductors that use both the more precise loss map and electromagnetic simulation in the core, and the method is experimentally verified. Finally, Section 6 concludes this paper.
Loss-Map Method

Iron Loss in Inductors
Figures 1 and 2 show the general buck-converter circuit and the operation waveform of the inductor, respectively. As shown in Fig. 2 , the inductor current i L includes a dc component I L,dc ; the magnetic field H includes a dc pre-magnetization H dc . From the results, the hysteresis curve is positioned in the first quadrant of the B−H plane, as shown in Fig. 3 . This curve is referred to as a minor loop, and the area corresponds to the iron loss per unit volume, Q [J/m 3 ]. The area of a minor loop varies not only with the flux-density ripple, ΔB, and the switching frequency, f sw , but also with H dc . In other words, the iron loss in inductors varies with ΔB, f sw , and H dc . Figure 4 shows the iron-loss characteristic curve as a function of H dc for the ferrite (PC40 TDK). In this paper, this iron-loss characteristic curve is referred to as a loss map. The iron-loss data in the loss map is measured using the iron loss measurement system discussed in Subsection 2-2. As shown in Fig. 4 , the iron loss varies nonlinearly with H dc , and the characteristic for H dc depends largely on magnetic materials (14) . Therefore, the influence of H dc on the iron loss need to be considered when calculating the iron loss in inductors. Figure 5 shows the system that is employed to measure iron losses under rectangular voltage and dc pre-magnetized condition. This system is also used to derive the loss map. This system consists of a B-H analyzer (SY-8219 IWATSU) and an external dc voltage source. The B-H analyzer excites the inductor under measurement with a rectangular voltage. The external dc voltage source injects a desired dc current to the inductor current. As a result, the inductor under measurement is excited with a triangular current including the dc component, as shown in Fig. 2 . Then, the B-H analyzer calculates automatically the iron loss P [W] using the following equation.
Iron Loss Measurement System
where T s is the switching cycle, i L is the inductor current, and 
where d is the duty ratio, V L,p is the peak value of the primary inductor voltage, A c is the cross-sectional area of the core, f sw is the switching frequency, I L,dc is the dc component of the inductor current, and l c is the flux-path length of the core. (2) and (3) When measuring the iron loss in the inductor, the phase error between the inductor current measurement and the inductor voltage measurement causes a significant decrease in the measurement accuracy. In this system, the phase error is corrected automatically by the B-H analyzer with respect to each frequency component contained in the captured waveform. The principle is discussed in detail in (1) . The phase error after correction is ±0.15 degree within the frequency range 10 kHz-10 MHz.
The iron loss varies with the magnetic material temperature. Therefore, the temperature of the inductor being measured should be kept constant. In this system, one measurement takes approximately 10 s. In addition, sufficient cooling time is provided between measurements. Therefore, the temperature of the inductor is always kept at room temperature, a condition under which all of the iron-loss data in this study were measured.
Loss-map Method
The derived loss map is used in the loss-map method. The loss-map method is a method that calculates the iron loss in the inductor considering the influence of the dc pre-magnetization on the iron loss. As an example, this paper introduces the procedure to calculate the iron loss in an inductor used in the buck converter, as shown in Fig. 6 . In a previous step, the circuit condition and the specification of the inductor under design is determined. In addition, the loss map, which corresponds to the magnetic Fig. 6 . Procedure for the conventional loss-map method material used as the core in the inductor under design, must be measured with a simple-shape core, e.g., toroidal core. Next, the excitation condition, such as ΔB and H dc , are calculated using (2) and (3), respectively. Then, it is assumed that the distribution of the flux density and magnetic field in the core is uniform. After that, the iron loss per unit volume, Q V [J/m 3 ], which corresponds to the excitation condition, is obtained from the loss map. Finally, the whole iron loss P [W] is calculated using the following equation.
where V c is the volume of the core.
As discussed in subsections 2-2 and 2-3, (2) and (3) are respectively used to determine ΔB and H dc in the loss-map method. However, these equations are only true under the assumption that the flux-density distribution in the core is uniform. As a result, the conventional loss map is expected to have deviations that are caused by not considering the nonuniformity of the flux-density distribution in the core. Moreover, when calculating the iron loss in the inductor where the flux-density distribution is complex, calculation errors are expected.
Influence of Non-uniformity of Flux-density Distribution on Iron-loss Measurement
In this section, experimental verifications are first presented to show that the iron-loss measurement is affected by the difference in the specification of the core used in the inductor under measurement, even under the same excitation condition. Next, it is shown that this caused by ignoring the non-uniformity of the flux-density distribution in the core by applying the electromagnetic simulation to the core.
Experimental Verification
To verify that the non-uniformity of the flux-density distribution affects the iron-loss measurement and the loss map, two cores shown in Figs. 7(a) and (b) were used. Test core 1, which is shown in Fig. 7 (a), is a general toroidal core; on the other hand, test core 2, which is shown in Fig. 7 (b), was specially fabricated for this experiment. The specification of both cores is shown in Table 2 . Both cores are made by an iron powder (MBS-R3 Mitsubishi Materials), and the only difference between them is the diameter ratio n, which is defined as
where r i is the inside radius of the core and r o is the outer radius of the core. The value n of test core 1 shown in Fig. 7 (a) is higher than that of test core 2, which is shown in Fig. 7 (b). This means that the difference between the magnetic flux at Table 3 . Specification of the iron-loss measurement system shown in Fig. 8 Table 4 . Measurement conditions the inner side of the core, which is where the flux density is strongest, and that at the outer side of the core, where the flux density is a minimum, is larger in test core 1 than in test core 2. Therefore, the influence of ignoring the non-uniformity of the flux-density distribution is more significant in test core 1 than in test core 2. The iron loss per unit volume P V [W/m 3 ] in these test cores was measured and compared under the sine voltage condition.
The iron-loss measurement system shown in Fig. 8 was used to measure the iron loss under the sine voltage condition. The specification of the measurement system is shown in Table 3 . The fundamental principles, such as the second winding method and the procedure to handle the phase error, are the same as the iron-loss measurement system shown in Fig. 5 . In this system, the peak value of the flux density B p is defined as follows under the assumption that the flux-density distribution in the core is uniform.
where N is the primary winding number, A c is the crosssectional area of the core, T s is the switching cycle, and v L is the inductor voltage. By adjusting v L , the iron loss under the desired B p condition can be measured. Table 4 shows the measurement condition, and Table 5 . Specifications of the simulation models shown in Fig. 10 2. This result verifies that the difference in the specification of the core used in the inductor under measurement results in the deviation in the iron-loss measurement and loss map, even under the same excitation condition.
Electromagnetic Simulation in the Core
To better understand the reason for the deviation, the flux-density distributions in test core 1 and test core 2 were simulated using the finite-element method (FEM). JMAG JSOL was used for the electromagnetic simulation. Figures 10(a) and (b) show the simulation model with winding for test core 1 and test core 2, respectively. The specifications of both simulation models are shown in Table 5 , and the other values, except for the mesh number, are the same as that of Table 2 . The mesh numbers are chosen considering both the simulation time and the simulation accuracy. The winding is modeled as a single-turn copper sheet with thickness t w = 1 mm in simulation models in order to avoid the deviation of the flux density resulting from the non-uniformity of the winding arrangement. In order to avoid making the simulation time unnecessary long, the simulation does not consider the eddy current in the conductor or the diamagnetic field due to the eddy current.
To compare the flux-density distribution in these simulation models under the same flux-density condition as in the experiment, B p is determined by using the following equation in the simulation
Fig. 11. Core-cross section used to define the flux density in the core where φ p is the peak value of the whole flux that interlinks the cross section, which is shown in Fig. 11 , in the simulation model. The cross-sectional area of the core A c in (7) corresponds to the cross-sectional area of the simulation model for the core. φ p can be adjusted to be the same value as the experiment by adjusting the peak value of the inductor current I L,p that flows through the winding on simulation. Table 6 shows the simulation condition, and Figs. 12(a) and (b) show the simulation results of the flux-density distribution in the core. As shown in Fig. 12(b) , the flux-density distribution in test core 2 is almost uniform. However, that of test core 1 is non-uniform. This results show that the iron loss per unit volume P V of test core 1 is smaller than that of test core 2 because the volume of the outer part of test core 1, where a lower iron loss is generated, is relatively large.
In conclusion, it was verified that the non-uniformity of the flux-density distribution affects the iron-loss measurement and loss map. Moreover, the iron losses that are measured with a core where the diameter ratio is small, such as test core 2, describes more precisely the correspondence between the iron loss and the excitation condition because the flux density is almost the same in such a core. Therefore, the more precise loss map can be derived by measuring the iron loss in a core where the diameter ratio is small.
Adjusting Coefficient to Derive a More Precise Loss Map
As discussed in Section 3, a core with a small diameter ratio n is necessary to derive the more precise loss map. However, such a special core cannot always be obtained. Therefore, this section proposes the adjusting coefficient that makes the conversion from the loss map derived with a common toroidal core to the more precise loss map.
Derivation of Adjusting Coefficient
To derive the adjusting coefficient, the two core models shown in (a) Core model 1.
(b) Core model 2. Fig. 13 . Core model with winding used to derive adjusting coefficient Fig. 13 were used. The flux-path length l c , the thickness t, and the magnetic material are assumed to be the same in both models. The only difference between the two models is the diameter ratio n, which is defined as (5). The diameter ratio of core model 1, n 1 , is higher than that of core model 2, n 2 . By using the iron loss per unit volume of core model 1
and that of core model 2 P V2 [W/m 3 ], the adjusting coefficient is defined as follows:
P V2 , which describes precisely the correspondence between the iron loss and the excitation condition, is obtained by multiplying m by the P V1 value measured using a general toroidal core, such as core model 1. P V1 and P V2 must be first described as an equation to derive the adjusting coefficient m. Next, the procedure to describe P V1 and P V2 in equation form is introduced.
When core 1 is excited under the sine voltage condition, P V1 is determined as
where P 1 is the whole iron loss of core model 1, V c1 , t 1 , r i1 and r o1 are the volume, the thickness, the inside radius and the outer radius of core model 1, respectively. The iron loss in the microcore volume P V dV c [W] is determined as in the following equation according to the Steinmetz equation
where k, α, and β are the Steinmetz parameters, which depend on the magnetic material, f sw is the switching frequency and B r,p is the peak value of the flux density at a distance from the center of the core r (r i1 ≤ r ≤ r o1 ). B r,p is determined as in the following equation according to Ampère's law
where μ r is the relative permeability of the core, μ o is the space permeability, N 1 is the winding number wound to core model 1, and I L,p is the peak value of the inductor current. According to (15) , the value of β depends on the magnetic material. However, in typical magnetic materials, the value of β is approximately 2. Under the assumption that β = 2, (9) is described as in the following equation by substituting (10) and (11) for (9) .
By performing a similar procedure, P V2 is described as
where t 2 is the thickness of the core model 2, N 2 is the winding number wound to core model 2, and V c2 is the volume of core model 2. When comparing (12) and (13), the relationship between the ampere turn N 1 I L,p and N 2 I L,p is not clear. Therefore, it is difficult to compare P V1 and P V2 under the same excitation condition. To solve this problem, the peak value of the flux density B p defined as (7) is used. By using (11) , (7) is described as in the following equation for core model 1
By eliminating μ r , μ o , N p1 , and I L,p from (12) and (14), P V1 is given as
When the excitation condition, such as f sw and B p , are the same, m is described as in the following equation by eliminating k, f sw α and B p 2 from (15) and (16).
Experimental Verification
By using m, the iron loss per unit volume P V [W/m 3 ] measured with test core 1, as shown in Fig. 7(a) , was converted to that of test core 2, as shown in Fig. 7(b) . These iron loss data have already been presented in Fig. 9 . The conversion result is shown in Fig. 14 . As shown in Fig. 14 , the iron loss data measured with test core 2 and the converted result are in good agreement. The error between both results is believed to be caused by the individual difference between cores. From this result, the effectiveness of the conversion coefficient m was verified. The advantage of using m is that the precise iron loss data can be obtained without the need for a specially fabricated core, such as test core 2.
As discussed above, the adjusting coefficient m is derived only under the sine voltage condition. The adjusting coefficient under the dc pre-magnetized condition should be also derived; however, it is difficult. When deriving the adjusting coefficient m, the effectin (11) must be solved. Nevertheless, the equation of P V1 for H dc , which is introduced in (2), is too complex to solve the integral in (11) . The method to derive the adjusting coefficient corresponding to H dc will be the focus of future work.
Iron-loss Calculation Method Considering the Non-uniformity of the Flux-density Distribution
This section introduces the method to calculate the iron loss in inductors considering the non-uniformity of the fluxdensity distribution. Figure 15 shows the procedure that is followed for the proposed method. The following explains the difference between the proposed method and the conventional loss-map method shown in Fig. 6 , which is improved in order to calculate the iron loss in inductors considering the non-uniformity of the flux-density distribution. A) In the previous step, a more precise loss map was derived using a core where the diameter ratio is small. B) In steps 1-3, the excitation condition and the iron loss are calculated with respect to each micro volume in the core using electromagnetic simulations. In step 1 in Fig. 15 , the simulation model for the inductor under design is first designed. Next, the magnetic field H and Fig. 15 . Procedure for calculating the iron loss in inductors considering the non-uniformity of the flux-density distribution Table 7 . Experimental conditions the flux density B are simulated with respect to each mesh under a desired condition using electromagnetic simulations. Then, the flux-density ripple for mesh, ΔB mesh , and the dc pre-magnetization for mesh H mesh,dc are respectively defined as in the following equations. , which corresponds to ΔB mesh and H mesh,dc , is obtained from the more precise loss map under the condition of ΔB = ΔB mesh and H dc = H mesh,dc . This determination of Q V is conducted with respect to each mesh. In step 3, the iron loss for mesh P mesh is first calculated as in the following equation with respect to each mesh.
Procedure for the Proposed Method
where V mesh is the mesh volume and f sw is the switching frequency. Finally, the whole iron loss P that is generated in the core is calculated as
As discussed in subsection 5-2, the experimental verification was first conducted under a simple excitation condition, i.e., the sine voltage condition. In this case, the peak value of the flux density for mesh B mesh,p was simulated instead of ΔB mesh and H mesh,dc in step 1. Moreover, in step 2, a more precise loss map corresponding to the sine voltage condition was used in order to determine Q V .
Experimental Verification
To verify the suitability of the proposed method, experiments were conducted under various conditions. Table 7 shows all of the experimental conditions. Experiments 1 and 2 were conducted under the sine voltage condition, and experiments 3, 4 and 5 were performed under rectangular voltage and dc pre-magnetized conditions. In experiments 1-4, iron powder core (MBS-R3 Mitsubishi Materials) was used in the inductor under measurement. In addition, an air gap was inserted into the core in experiments 2 and 4 to verify the usefulness of the proposed method under complex flux-density distributions. Moreover, the ferrite core (PC40 TDK), where the iron loss is sensitive for dc pre-magnetization as shown in Fig. 4 , is used in experiment 5. The excitation conditions shown in Table 7 , such as f sw , B p , ΔB, and H dc , were determined based on the general operating range of the power electronics application using Si and/or SiC as well as the properties of the magnetic material.
JMAG JSOL was used as the electromagnetic simulation software. In addition, the iron-loss measurement system shown in Fig. 8 and Fig. 5 were used to measure iron loss under the sine voltage condition as well as under rectangular voltage and dc pre-magnetized conditions, respectively. The calculation and experimental results should be compared under the same B-H condition and the same i L -v L condition. However, in the electromagnetic simulation, it is difficult to obtain the exact same B-H condition as that of the experiment even when the simulation model is simulated under the same i L -v L condition as that of the experiment. Moreover, this paper focuses on the usefulness of the more precise loss map and the iron-loss calculation with respect to each tiny volume. Therefore, in this paper, the calculation and simulation results were compared under the same B p , and ΔB condition instead of the same i L -v L condition. When comparing the results under the sine voltage condition, B p in the experiment and in the simulation are defined as (6) and (7), respectively. The adjustment of B p to be the same value in the simulation and experiment has been discussed in Subsection 3.2. When comparing the results under the rectangular voltage and dc pre-magnetized condition, ΔB is defined as (2) in the experiment, respectively, while ΔB in the simulations are respectively defined as in the following equations.
where φ max and φ min are the maximum and minimum values under steady-state conditions of the whole flux, which interlinks the cross section of the simulation model for core. A c is the cross-sectional area of the simulation model for core. In the simulation, the values of ΔB was adjusted to be the same as in the experiment by adjusting the ripple component of the inductor current that flows through the winding wound to the simulation model for core. Figure 16 illustrates the value of whole flux φ under steady state and the flux-density distribution when φ = φ max and φ = φ min in simulation. Additionally, the dc component of inductor current in simulation was adjusted to the same value as that of experiment in order to simulate dc pre-magnetized condition. The value of H dc shown in experiment 3 in Table 7 is calculated with (3). On the other hand, the experimental value of the dc component of inductor current is shown in Table 7 in the case of Experiment 4 and 5 This is because it is difficult to calculate accurately H dc with (3) when air gap is inserted to the core. In experiment 1, the iron loss in the general toroidal core shown in Fig. 7(a) is calculated and measured under the sine voltage condition. The more precise loss map corresponding to the magnetic material (MBS-R3) and sine voltage condition was derived by measuring the iron loss in the core shown in Fig. 7(b) . Figure 17 shows the calculation and measurement results. The maximum error between the measurement result and the result calculated by the proposed method is 3.69%. Moreover, the error decreases by 12.81% at the maximum compared with the value when using the conventional loss-map method shown in Fig. 6 .
In experiment 2, the UU shaped core shown in Fig. 18 was used. The specification of the UU shaped core is shown in Table 8. The calculation and experiment were conducted under the sine voltage condition and for various air-gap conditions (the air-gap length l g = 0.3, 0.5, and 1.0 mm). Each value of the air-gap length is the total value of two air gaps. Figure 19 shows the exterior view of the inductor where the UU shaped core is used. The primary winding and secondary winding are wound to the inductor. The fringing loss caused by the fringing flux is one of the losses encountered in gapped inductors; however, in this study, the increase in iron losses resulting from the fringing loss was neglected for simplicity. Therefore, the experiment was conducted under low fringing loss conditions. The fringing losses can be classified as: A) Losses in the core surface because of the eddy currents caused by the interlinkage of the fringing flux and core. B) Losses in the winding because of the interlinkage of the fringing flux and winding The fringing losses in A) can be neglected because both the iron dust and MnZn ferrite cores used in the experiment have a high electrical resistance. The fringing losses classified in B) can be prevented by separating the winding from the air gap; the experimental inductors have been designed in that way. Moreover, to preventing the winding arrangement from affecting the flux-density distribution in the core, the primary winding is wound to be as uniform as possible. Figure 20 shows the simulation model for the UU-shaped core with winding. The specification of the simulation model is the same as that of the real core shown in Table 8 , and the number of meshes in the simulation model is 18785. Figure 21 shows the simulation result of the flux density in the core when B p = 50 mT and l g = 0.5 mm. As shown in Fig. 21 , the flux density on the inside of the corner is higher than that outside the corner. Moreover, the flux density decreases as the portion gets closer to the air-gap portion. This is because of the fringing flux. Figure 22 shows the calculation and experiment results of the iron loss in the core. As shown in Fig. 22 , the error between calculation results and measurement results decreases under all air-gap conditions by using the proposed method.
In experiments 3 and 4, the calculation and experiment results of the iron loss are compared under rectangular voltage and dc pre-magnetized conditions. The core shapes are toroidal and UU. These cores and the inductors are the same as those used in experiment 1 and experiment 2, respectively. The more precise loss map corresponding to the rectangular voltage and dc pre-magnetized condition is shown in Fig. 23 . This loss map was obtained by measuring the iron loss of the test core 2 shown in Fig. 7(b) . The conventional loss map derived with test core 1 is also shown in Fig. 23 . The iron loss value of the more precise loss map is higher than that of the conventional loss map by about 10% as with Fig. 9 . Figure 24 shows the calculation and measurement results of the iron loss in the inductor where the toroidal core shown in Fig. 7(a) is used. The maximum error between the measurement result and the result calculated by the proposed method is 1.10%. Moreover, the error decreases by 13.16% at the maximum compared to the case when using the conventional loss-map method. Figure 25 shows the calculation and measurement results of the iron loss in the UU-shaped core. As shown in the figure, by using the proposed method, the error between the calculation results and measurement results decreases under all air-gap conditions. Finally, the experimental verification for the ferrite core (PC40 TDK) was conducted under rectangular voltage and dc pre-magnetized conditions. Air gaps are often inserted into ferrite cores to prevent magnetic saturation. Therefore, in this study, an air gap (l g = 0.9 mm) was inserted into the core. Figure 26 shows the exterior view of the inductor that is fabricated in the ferrite core. The specification of the core is shown in Table 9 . The loss map used in the proposed method should be derived by measuring the iron loss in the core where the diameter ratio is small. However, ferrite cores Table 10 . Iron loss in the inductor shown in Fig. 26 are not easily processed to such a core. Therefore, the loss map was derived by measuring the iron loss of a core where the diameter is smaller among commercially available. The core is same as the core used in the inductor shown in Fig. 26 . The loss map measured by the core was already shown in Fig. 4 . Figure 27 shows the simulation result of the magnetic flux-density distribution in the core used in the inductor shown in Fig. 26 , which shows that the flux density on the inner side of the core is higher than that of the outer side of the core. Table 10 shows the measurement result and the result calculated by the proposed method. Both results are in good agreement, and the error between both results is 1.37%.
From these results, the suitability of the proposed method is verified under both the sine voltage condition and rectangular voltage condition. Moreover, the iron loss in the inductors fabricated with the gapped core can be calculated using the proposed method.
Conclusion
In this paper, it is first shown that the non-uniformity of the flux-density distribution in the core affects iron-loss measurements. This means that the loss map that is derived based on iron-loss measurements contains deviations, and the ironloss calculation with the loss map causes errors that result from the deviation. To overcome these issues, the following are proposed in this paper:
A) The Adjusting coefficient to derive a more precise loss map. B) An iron-loss calculation method considering the nonuniformity of the flux-density distribution in the core by using a more precise loss map and electromagnetic simulations. Finally, the proposed method was verified under sine and rectangular voltage conditions. In particular, the iron loss in gapped cores, where the flux-density distribution is complex, can be calculated with high accuracy.
